Due to a wide band gap of 3.37 eV and large exciton binding energy of 60 meV at room temperature, ZnO is considered as a candidate material for preparation of short wavelength optoelectronic devices, such as blue-ultraviolet lightemitting diodes ͑LEDs͒ and laser diodes ͑LDs͒ with low thresholds. 1, 2 However, this material has largely failed to live up to its potential, because LED and LD require both high quality n-type and p-type ZnO, and it has been proven to be very difficult to produce a stable p-type ZnO with high conductivity and mobility. Recently, investigations on p-type ZnO and ZnO based LEDs have proceeded at a more rapid pace. Many research groups have reported obtaining p-type ZnO by single doping of I or V group elements, such as Li, N, P, etc., and by codoping of III-V groups, such as Al-N etc. [3] [4] [5] [6] ZnO p-n homojunction LEDs have also been produced by using N-doped p-type ZnO recently, which emit blue or yellow light. [7] [8] [9] However, the dominant emissions do not come from near-band-edge recombination but is related to defects with deep levels. To obtain strong near-band-edge violet emission and even high effective UV laser, it is necessary to prepare LED and LD with active layers of ZnO superlattice or quantum well, which need high quality p-type ZnO and p-type ZnO alloy barrier materials. Since band gap of Mg x Zn 1−x O alloy with wurtzite structure is larger than that of ZnO and can be tuned by changing Mg concentration, 10, 11 it is considered as candidate barrier material of ZnO based heterostructure. However, research progress about p-type MgZnO is limited. Only phosphor doping and N-Al codoping p-type MgZnO have been reported. 12, 13 In the present work, p-type N-doped MgZnO ͑Mg-ZnO:N͒ was obtained via plasma-assisted molecular beam epitaxy ͑PAMBE͒ followed by postannealing process. The mechanisms of formation as well as electrical property of the p-type ͑MgZnO:N͒ were investigated.
A MgZnO:N film was grown by PAMBE on c-plane sapphire ͑Al 2 O 3 ͒ at 425°C. NO gas ͑99.99%͒ was used as O source and N dopant and activated during the growth process by an Oxford Applied Research Model HD25 rf ͑13.56 MHz͒ atomic source. The film thickness is measured by ellipsometer to be about 200 nm. The crystal structure of sample was characterized by x-ray diffraction ͑XRD͒ with Cu K␣ 1 radiation ͑ = 0.154 06 nm͒. The electrical properties of the samples were measured in Van der Pauw configuration by a Hall analyzer ͑Lakeshore7707͒ at room temperature. film. Besides ͑006͒ diffraction peak of the Al 2 O 3 , only ͑002͒ diffraction peak is observed at 34.60°, indicating that the as-grown MgZnO:N is of single wurtzite structure with ͑002͒ preferential orientation. As shown in the inset of Fig. 1 , a Mg 1s peak was detected by x-ray photoelectron spectrum ͑XPS͒ measurement, indicating existence of Mg in the film. The XPS calculation shows that about 20 at. % Zn is replaced by Mg in the as-grown MgZnO:N.
The Hall measurements indicate that both as-grown undoped MgZnO and MgZnO:N films behave n-type conductivity in the present work. Their electrical parameters are listed in Table I . In order to obtain p-type MgZnO, the asgrown MgZnO:N and MgZnO were annealed for 1 h at 600°C in an O 2 flow, based on our previous research works about preparation of p-type ZnO.
14 It was found that the annealed MgZnO:N transformed into p-type conduction, while the annealed MgZnO still behaved n-type conductivity. These results indicate that both N doping and postannealing are necessary for obtaining p-type MgZnO.
As mentioned above, the MgZnO behaves n-type conductivity, implying that it has many native donor defects, such as O vacancies ͑V O ͒ and Zn interstitial ͑Zn i ͒. In order to compensate these donor defects and obtain p-type MgZnO, NO was used to produce MgZnO:N by PAMBE in the present work. Unfortunately, the as-grown MgZnO:N does not show p-type but n-type conductivity; furthermore, as shown in Table I , its resistivity decreases and electron concentration increases by comparison with the MgZnO. It is well known that nitrogen occupies two chemical environments in N-doped ZnO. 15 One is formed by substitution of N atom for O sublattice to act as an acceptor, denoted by N O , and the other by substitution of N molecule for O site to act as double donors, denoted by ͑N 2 ͒ O . In order to understand chemical environments of nitrogen in the MgZnO:N and give the mechanism of the conduction-type transition induced by annealing, XPSs were recorded for the as-grown MgZnO:N and annealed MgZnO:N, as shown in Fig. 2 . Curve a presents XPS of the as-grown MgZnO:N, which reveals three peaks, located at 396.1, 400.0, and 404.3 eV, respectively. Since the 400.0 eV is close to N 1s binding energy of C-N bond, 16 the peak is assigned to radiation of N 1s in C-N bond. In the present work, formation of the C-N bond is due to chemical reaction between N in the MgZnO:N and C or CO 2 absorbed on the surface of the MgZnO:N film. Many research works have indicated that the 396.1 and 404.3 eV peaks are characterization radiation of N 1s of ͑N͒ O and ͑N 2 ͒ O in N-doped ZnO, respectively. 15 In the present work, N doping was performed in the growth process of the MgZnO film, so the N should be incorporated into the entire film. Therefore, the appearance of the 396. −3 , respectively, by using the data in Table I and the ratio of I N /2I N 2 . Therefore, the n-type conductivity of the as-grown MgZnO:N with high net electron concentration is attributed to that electron concentration of the ͑N 2 ͒ O is not only larger than the hole concentration of ͑N͒ O , but also much larger than electron concentration of the native donor defects.
Curve b in Fig. 2 presents XPS of the annealed MgZnO:N, which shows that the 404.3 eV peak almost disappears, while the N 1s peak of ͑N͒ O located at 396.1 eV becomes dominant. These results imply that the ͑N 2 ͒ O defects are few in the annealed MgZnO:N and the electron concentration originated from the ͑N 2 ͒ O can be ignored. Hall measurement performed in the present work indicates that electron concentration from native donor defects is about 2.3ϫ 10 17 cm −3 for undoped MgZnO annealed at the same conditions as the annealed MgZnO:N. Supposing that the electron concentration of the native donor defects is not affected by N doping and that the hole concentration of the ͑N͒ O in the annealed MgZnO:N is the same as that in the as-grown MgZnO:N, the net carrier concentration of the annealed MgZnO:N is equal to difference between hole concentration of ͑N͒ O and electron concentration of the native donor defects since electron concentration of ͑N 2 ͒ O can be ignored. It is calculated to be about 1.14ϫ 10 18 cm −3 . Hole is the dominant carrier, implying that the annealed MgZnO:N should show p-type conductivity, in agreement with the present Hall measurement result. Based on above discussion, it can be concluded that the conduction-type transition induced by annealing is attributed to almost disappearance of ͑N 2 ͒ O defects in the annealed MgZnO:N, which leads to that 
